INTRODUCTION
for the difference in field structure in the gate feed region.
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Discontinuities in coaxial lines are part of many microwave devices. Accurate models of these discontinuities are needed in the We wish to thank the UK Science and Engineering Research design of the devices. Traditionally the discontinuities have been modeled using mode matching and variational techniques; however, these techniques require a significant amount of analytical analysis for each geometry and become very complex for all but
In this work, the finite element method (FEM) will be used to accurately model axisvmmetric two-uort iunctions (axisvmmetric Council for a research studentship for M. T. Hickson efficiency when higher order elements are used. To demonstrate the flexibility and the accuracy obtainable with the FEM, three discontinuities are analyzed, and the results are compared to theoretical and experimental results of other investigators. The agreement is shown to be excellent; even though in each of these discontinuities, the fields are singular at a comer on the center conductor and no special analysis is performed in this work to take the singularities into account. For one of the cases, the accuracy versus the order of the elements from first to fourth order is investigated.
This work compliments the work of other investigators who have used the FEM to investigate axisymmetric problems: Marouby et al. [l] and Wilkins er al. [2] have investigated transitions between coaxial lines; and Silvester and Konrad [3] , [4] and Daly [5] have investigated the modes in axisymmetric resonators. General axisymmetric coaxial discontinuity discontinuity will reflect and transmit a portion of the incident wave and will also generate higher order modes; however, the frequency range is restricted so that the higher order modes are cut off in the coaxial lines. The higher order modes may or may not be cut off in the discontinuity. The lengths of the input and output coaxial lines are chosen to be sufficiently long so that the fields at the input and output ports are essentially TEM. In this work, the electromagnetic fields are calculated in the indicated region for a given incident wave. The reflection and transmission coefficients of the discontinuity are then computed from the fields at the input and output ports.
Only TM modes will exist in the device, when the geometry and the material properties are restricted to be axisymmetric and the excitation is restricted to be TM:
= E r ( r , 
is the wavenumber, and an el" time dependence is assumed. The two components of can be obtained from H+ using one of Maxwell's curl equations.
A solution to (2) subject to the appropriate boundary conditions is determined using the FEM. Galerkin's method is used in the formulation [6] . The region of interest is divided up into elements.
The elements are generated by rotating planar triangular elements about the z-axis to sweep out an annular volume. Let Vl" be the volume swept out by element ( e ) , S'" be the surface of the volume, For the portion of the boundary between two adjacent elements, the boundary integrals will sum to zero when ii . V ( r H , ) / i , is continuous across the boundary. When the total residual equations are assembled, these integrals are replaced by their desired value, zero.
This will tend to force ii . V(rH+)/Z, to be continuous across the boundary between t p elements, which is equivalent to the tangential component of E being continuous across the boundary. The boundary integral also gives the correct "natural boundary condition" for a perfect electric conductor, ii . V(rH,) = 0. The boundary condition for t h: tangential component of H (H,) and the normal component of E are met by forcing H , to be continuous across the boundary. The boundary condition for a perfect magnetic conductor and for boundaries with r = 0 is H, = 0.
At the input port, a boundary condition that will inject the incident wave and absorb the reflected wave is needed, and at the output port a boundary condition that will absorb the transmitted wave is needed. These boundary conditions are derived assuming that only the TEM mode exists at the input and output ports. The boundary conditions are derived from the differentiated transmission line equations; for the input port,
This equation is rearranged to obtain a boundary integral in a form that allows the boundary conditions to be enforced in a straight-
where HI is the value of the incident field at the input port, and for the output port, where the wavenumber k = w a. These boundary conditions are applied by substituting them into the boundary integrals. The boundary integrals are evaluated and stored in universal matrices in a manner similar to that used for the area integrals. Fig. 2(a) is a sketch of a stepped coaxial line. The FEM is used to calculate the reflection coefficient p and transmission coefficient 7 of the step. The effect of the higher order modes excited near the step can be modeled by a shunt, frequency dependent capacitor at the step. The capacitance is calculated from the reflection coefficient. The modeled region is divided up into 256 fourth order triangular elements with a total of 2156 nodes. The size of the elements is graded with the smallest elements adjacent to the edge at which V H , is singular. The size of the elements increases as the distance from the edge increases. A simple easily generated arrangement of elements was used. A more efficient arrangement of the elements would yield comparable accuracy with fewer elements.
RESULTS

Three coaxial discontinuities are investigated to demonstrate the
technique: A coaxial line with a stepped center conductor, a shielded open-circuited coaxial line, and a dielectrically loaded shielded open-circuited line. These discontinuities were chosen because they have been accurately characterized by other investigators, and, therefore, will provide a good test of the accuracy of the present technique.
STEPPED COAXIAL LINE
The capacitance is tabulated and compared to that calculated by a mode matching method (MMM) [9] in Table I for frequencies from 1 GHz to 18 GHz. The relative differences between the capacitances and the reflection and transmission coefficients calculated using the FEM and the MMM are also tabulated in Table I :
r . The agreement is seen to be excellent, with the relative differences between the capacitances varying between 8.4 X and 1.2 X The largest differences are at the lower frequencies, where the reflection coefficient is not very sensitive to the value of the capacitance; this causes a small difference in the reflection coefficient to become a larger difference in the capacitance. The relative differences for the reflection and transmission coefficients vary between 8.5 X and 1.5 X with the largest differences at the higher frequencies.
The capacitance values and the relative differences at 1 GHz are tabulated in Table I1 for five cases. In the first four cases, the total number of nodes for each case is approximately 2000, and the order of the elements varies from first to fourth. The relative differences are seen to decrease rapidly with increasing order: the first order results are seen to be very poor, while the fourth order results are seen to be excellent. In the last case, even though only 365 nodes and 40 fourth order elements are used, the relative differences are seen to be much smaller than those for the cases which use first and second order elements even though more than five times as many nodes are used for these cases. The difference in the position is 3.4 X mm at 1 GHz and 4.3 x mm at 18 GHz, which corresponds to a difference in the phase of the reflection coefficient of only 8.2 X lo-' degrees at 1 GHz and 1.9 X l o -' degrees at 18 GHz; these differences can be easily attributed to experimental errors.
DIELECTRICALLY LOADED SHIELDED OPEN-CIRCUITED COAXIAL LINE The plastic rod is used to depress the collet of a APC-7 coaxial connector. The relative permittivity of the plastic rod is Fs = 2.56
[13]. The hole in the collet i s modeled; however, the fine details of the collet are not included. The region modeled is indicated in Fig. 2(c) ; note that the hole is not included in the region. All of This formula is the one used to characterize the open when it is used in the calibration of the HP8510 network analyzer. The agreement is excellent; however, the results are seen to differ slightly. The differences at the lower frequencies are probably due to experimental errors in the measurement of the phase of the reflection coefficient, because the offset is very sensitive to phase errors at the lower frequencies. For example, the difference in the offset at 1 GHz is 1.6 X IO-* mm which corresponds to a difference in the phase of the reflection coefficient of only 3.8 X degrees.
CONCLUSIONS
A technique for modeling axisymmetric two-port junctions in coaxial lines was developed. The technique was verified and shown to be very accurate for three different geometries. The accuracy of the results was shown to increase rapidly when the order of the elements was increased. The accurate results were obtained with reasonable computational efficiency even though no special analysis was performed to take into account the singularities in the fields at the comers of the center conductors. The same accuracy could be obtained with fewer elements if the singularities'were taken into account; however, this would complicate the analysis. A geometry that does not have a singularity in the fields is easier to model; thus, the same accuracy could be obtained with fewer elements. The geometries studied in this work are relatively simple; however, more complicated geometries can be modeled without any additional analysis, only the gridding up of the elements becomes more complicated.
I. INTRODUCTION
It is pointed out by Montgomery [2] that "(MIC) packages in many applications, will remain both a performance and a cost chal-
lenge. Yet, current solid state microwave R & D is focused almost entirely on chips, with little attention to package concerns."
As a small first step in the direction of packaging, this paper studies the interaction between a monolithic microwave integrated circuit (MMIC) spiral transformer and its surrounding ground ring as shown in Fig. 1 . As recognized there the ring is used as a ground and as an interface between the transformer and the measuring coplanar probes. The interaction is studied for the same transformer but with a ring of different widths. One special case of interest is that having the width reduced to zero, i.e., the ring is deleted. It is found that there is a great effect in the resonant frequencies of the transformer Despite the above implied accuracy, for a new MMIC structure it is always desirable to have experimental verification and a physical interpretation of the responses of such structures. For the former an experiment on the transformer with a full ground ring, as shown in Fig. 1 , is performed and compared with a full numerical simulation. This is given in the next section. For the latter, a numerical experiment on the capacitance to infinity of a metallic box is performed. This is given in Section IV, after the spiral rectangular transformer computations for better interpretation.
AN EXPERIMENTAL VERIFICATION
The transformer with a full ground ring in Fig. 1 is constructed on a GaAs substrate and measured through coplanar probes. The detail of the construction is given in the caption of Fig. 1 . Fig. 2 gives the experimental and the computed results of S I , and &,. We see very good agreement of the results.
With the experimental verification for the full ground ring case we may proceed with confidence to study the computed results from ground rings of various widths, full, half, and zero width, in the next section.
THE WATMIC-EMsim COMPUTATIONS AND GRAPHS
Figs. I , 3, and 4 show the spiral transformer with three different ground rings. Fig. 4 has the width of the ground ring reduced to zero, i.e., Fig. 4 has no ground ring.
The moment method software WATMIC-EMsim, version 2 , is 0018-9480/92$03.00 0 1992 IEEE
